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At high energies photon-photon interactions are dominated by quantum fluctua- 
tions of the photons into fermion-antifermion pairs and into vector mesons. This is 
called photon structure. Electron-positron collisions at LEP are an ideal laboratory 
for studying photon structure and for testing QCD. 



1 Electron-photon scattering 

If one of the scattered electrons in e+e~ collisions is detected (tagged), the 
process e+e~ e+e" -f hadrons (Fig. |l|) can be regarded as deep-inelastic 
scattering of an electron^ on a quasi-real photon which has been radiated by 
the other electron beam. The cross-section is written as 



d fTc7 — >c+hadrons 2,71(1 

dxdQ^ 



c7^c+hadrons ZTTa r, . 2\ rij / \ 2 -ttj / 



[(1 + (1 - yf) F^ix, Q') - y'F^ix, Q')] , (1) 



where a is the fine structure constant and 

Q' = -q' = -ik-kr 
is the negative four-momentum squared of the virtual photon 7* and 

^ 2p-q Q^ + W^ + P^ ' ^ p-k 

are the usual dimensionless variables of deep-inelastic scattering. = {q+pY 
is the squared invariant mass of the hadronic final state. The negative four- 
momentum squared, = —p^, of the quasi-real target photon is approxi- 
mately zero. In leading order (LO) the photon structure function ^^(a;, Q^) 
is related to the sum over the quark densities of the photon weighted by the 
quark charge Cq 

F^ix,Q^) = 2xJ24M^^Q^) 
q 
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with /q/^(a;, Q^) being the probabihty to find a quark flavour q with the mo- 
mentum fraction x (sometimes denoted by Xj) in the photon. For measur- 
ing F^ixjQ"^) the values of and y can be reconstructed from the energy, 

Etag, and the angle, 6'tag, of the 
tagged electron and the beam en- 
ergy E'bcam: 

fa 2ii^boam^^tag(l " COS 6'tag) 




y 



1 - 



E„ 



Ehc 



■ cos 



Ttag 

2 



anti-tag (-p^=P small) 



Figure 1: Deep-inelastic e-y scattering: k{k') de- 
notes the four-momentum of the incoming (scat- 
tered) electron and q{p) the four-momentum of 
the virtual (quasi-real) photon. 



In order to identify an electron in 
the detector, Stag has to be large, 
i.e. ^ 1. The contribution of 
the term proportional to the lon- 



gitudinal structure function Fj^ is 
therefore negligible (Eq. |l|). 
The reconstruction of x, however, relies heavily on the measurement of 
the invariant mass W from the energies £'h and momenta ph of the final state 
hadrons h: 



Ph 



Unfolding of the a; dependence of F2 requires that the hadronic final state is 
well measured and well simulated by the Monte Carlo (MC) models. 



1.1 The photon structure function F2 

Even though the concept of the photon structure function has been de- 
veloped in analogy to the formalism of the nucleon structure functions F^ , 
there are important differences: F2{x,Q'^) increases with for all x and this 
positive scaling violation is expected already within the parton model. Fur- 
thermore, F2 is large for high x, whereas F2 decreases at large x. These 
differences are due to the additional perturbative 7 — > qq splitting which does 
not exist for the nucleon. 

For large x and asymptoticallv, large the value of can therefore bje 
calculated from perturbative QCDid. The next-to-leading order (NLO) resultB 
can be written as 
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where a{x) and b{x) are calculable functions which diverge for x — > and Qs is 
the strong coupling constant. The first term corresponds to the LO result by 
WittenEJ. The measurement of F2 could be a direct measurement of Aqcd if it 
were not for the large non-perturbative contributions due to hadronic states. 
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Figure 2: a) Kinematical coverage of the (Q2,x) plane at LEPl and LEP2. b) The photon 
structure function /a as a function of . 

F2{x, Q^) can be measured at LEP in the range x > 10~^ and 1 < < 
10^ GeV^ (Fig. |a). The evolution of is shown in Fig. ||b using the 
currently available F2 measurements for 4 active flavours. The data are com- 
pared to the LO GRVB and the SaS-lDa parametrisations, and to a higher 
order (HO) prediction based on the NLO GRV parametrisation for light quarks 
and on the NLO charm contribution calculated in Ref.B. The data are mea- 
sured in different x ranges. The comparison of the LO GRV curves for these x 
ranges shows that for > 100 GeV^ significant differences are expected. An 
augmented asymptotic prediction for F2 is also shown. The contribution to 
F2 imm the three light flavours is approximated by Witten's LO asymptotic 
form EJ. This has beeiL augmented by adding a charm contribution from the 
Bethe-Heitler formula and an estimate of the hadronic part of F2 based on 
the hadronic part of the LO GRV parametrisation. In the region of medium 
X values studied here, this asymptotic prediction in general lies higher than 
the GRV and SaS predictions but it is still in agreement with the data. The 
importance of the hadronic contribution to F2 decreases with increasing x and 
Q^, and it accounts for only 15 % of F^ at = 59 GeV^ and x = 0.5. As 
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predicted by QCD the evolution of F2 leads to a logarithmic rise with Q^, 
but theoretical and experimental uncertainties are currently too large for a 
precision test of perturbative QCD. 
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Figure 3: Measurements of the photon structure function in bins of x and Q^. 

All currently available F2 measurementsB are compared to the NLO GRvi 
and the LO SaS-lDa parametrisation in Fig. ||. If the photon is purely hadron- 
like at low x, a rise of the photon structure function is expected at low x for not 
too small Q^, similar to the rise of the proton structure function. Only with the 
complete LEP2 data will it be possible to access regions in x and where the 
rise of F2 could really be observed. An interesting low x measurement of F2 
by OPAL lies in the ranges 2.5 x 10"^ < a; < 0.2 and 1.1 < < 6.6 GeV^ L3 
has recently presented their first measurement for = 1.9 and 5.0 GeV^. 
These measurements are consistent with a possible rise within large errors. 
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2 Jet production and NLO calculations 

If the virtualities and are ap- 
proximately zero, i.e. both photons are 
quasi-real, LEP2 is a 77 collider with 
77 centre-of-mass energies in the ap- 
proximate range 10 < 14^ < 120 GeV. 

In LO different event classes can be 
defined in 77 interactions. The pho- 
tons can either interact as bare pho- 
tons ("direct") or as hadronic fluctua- 
tion ("resolved"). Direct and resolved 
events can be separated by measuring 
the fraction of the photon's mo- 
mentum participating in the hard in- 
teraction for the two photons. Ideally, 
the direct events are expected to have 
x'^ = 1, whereas for double- resolved 
events both values and x^ are ex- 
pected to be much smaller. 

For a given parton centre-of-mass 
energy the cross-sections vary only with 
the parton scattering angle 9*. The leading order direct process 77 — > qq 
is mediated by ^-channel spin-i quark exchange which leads to an angular 
dependence (x (1 — |cos0*^|)^^. In double-resolved processes all matrix ele- 
ments involving quarks and gluons have to be taken into account, with a large 
contribution from spin-0 gluon exchange. After adding up all relevant pro- 
cesses, perturbative QCD predicts an angular dependence of approximately 
(X (1 — Icos^*!)"^. Figure ^ shows the corrected |cos0*| distribution of di- 
jet events with x^ > 0.8 and with x^ < 0.8 compared to the calculation for 
various LO matrix elements which qualitatively reproduce the data. 

NLQJet cross-sections for 77 interactions have been calculated by many 
authorsu'Ll using the cone jet finding algorithmE3. The transverse momentum 
PT of the final-state partons (or the jet) defines the hard scale. The jet cross- 
section is written as a convolution of the parton density of the photon with 
the matrix elements for the scattering of two partons. In the kinematic range 
covered by LEP the F2 measurements are mainly probing the quark content 
of the photon, whereas jet production can be used to constrain the relatively 
unknown gluon distribution in the photon. 

Inclusive one-jet and dijet cross-sections have been measured in 77 scatter- 




Figure 4; Angular distribution for > 
0.8 and < 0.8. The data are compared 
to LO QCD calculations. The data are nor- 
malised to 1 in the first three bins and the 
curves are normalised to cos{0) = 1. 
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ing at an e+e centre-of-mass ener SiLQf.^/i„„ = 58 GeV at TRISTAN0li and 
at VSee = 130- 172 GeV by OPAlMli. The E^'' distribution for dijet events 
in the range \'rf°^\ < 2 measured by OPALEJ at ^/igg = 161—172 GeV is shown 
in Fig. The measurements axe compared to a NLO calculationB which uses 
the NLO GRV parametrisationu. The direct, single- and double-resolved parts 
and their sum are shown separately. The data points are in good agreement 
with the calculation except in the first bin where theoretical and experimental 
uncertainties are large. 
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Figure 5: a) The inclusive e+e~ dijet cross-section as a function of _E;^' for jets with 
IrjJ'^*! < 2 using a cone size _R = 1. b) The inclusive dijet cross-section as a function of 
for jets in mainly double-resolved events with Ei;*- > 3 GeV using a cone size R= 1. 



To study the sensitivity to the choice of parametrisation for the parton 
distributions of the photon, OPAL has also measured the inclusive dijet cross- 
section as a function of jTyj^'l for events with a large double-resolved contribu- 
tion obtained by requiring < 0.8 (Fig. ||b). The^inclusive dijet cmss-section 
predicted by the two LO QCD models PYTHIAEI and PHOJETEEI differ sig- 
nificantly even if the same parton distribution functions (here LO GRV) are 
used, reducing the sensitivity to the parametrisation. Different^ parametrisa- 
tions were used as input to IJYTHIA. LO GRVH and SaS-lDa describe the 
data equally well, but LAClEO, which increases the cross-section for gluon- 
initiated processes, overestimates the inclusive dijet cross-section significantly. 
A correct treatment of multiple parton interactions (Ml) is also important. 
PYTHIA plus LACl with and without Ml differs by more than a factor of 
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two. The influence of MI can be constrained by studying energy flows outside 
the jets. 

3 Inclusive charged hadron production 

Measurements of inclusive charged hadron production complement similar stud- 
ies of jet production. OPAL has measured the differential cross-sections dcr/dpT 
as a function of the transverse momentum px of charged hadrons at v^oc ~ 
161 — 172 GeV. Until now, px distributions oLcharged hadronsJaave only been 
measured for sing le-tagged events by TASSOEl and MARK Illia at an average 
(Q2) of 0.35 GeV^ and 0.5 GeV^, respectively. 

The pt distributions in 77 interactions are expected to be harder than in 77? 
or hadron-p interactions due to the direct component. This is demonstrated in 
Fig. ||a by comparing the pt distribution for 77 interactiorp,to pt distributions 
measured in 7p and hp (h= 7r,K) interactions by WA69E0|. The WA69 data 
is normalised to the 77 data in the low pT region at px ~ 200 MeV/c using 
the same factor for the hp and the 7p data. The px distribution of WA69 
has been measured in the Feynman-a:; range 0.0 < xp < 1.0. The hadronic 
invariant mass of the hp and 7p data is about W = 16 GeV which is of similar 
size as the the average (W) of the 77 data in the range 10 < < 30 GeV. 
Whereas only a small increase is observed in the 7p data compared to the hn 
data at large px, there is a significant increase of the relative rate in the range 
px > 2 GeV/c for 77 interactions due to the direct process. 

The cross-sections dcr/dpx are also compared to NLO calculationsEj which 
are calculated using the QCD partonic cross-sections to NLO for direct, single- 
and double-resolved processes. The hadronic cross-section is a convolution of 
the Weizsacker- Williams effective photon distributdmi, the parton distribution 
functions and the fragmentation functions of Ref. E3 which are obtained from 
a fit to e+e" data from TPC and ALEPH. The NLO GRV parametrisation 
is usedi with A^^ = 131 MeV and rric = 1.5 GeV/c^. The renormalization 
and factorization scales are set equal to ^px with ^ = 1. The change in slope 
around px = 3 GeV/c in the NLO calculation is due to the charm threshold, 
below which the charm distribution in the resolved photon and the charm 
fragmentation functions are set to zero. 

A minimum px of 1 GeV /c is required to ensure the validity of the pertur- 
bative QCD calculation. The NLO calculation is shown separately for double- 
resolved, single-resolved and direct interactions. At large px the direct in- 
teractions dominate. It should be noted that these classifications are scale 
dependent in NLO. The scale dependence of the NLO calculation was studied 
by setting ^ = 0.5 and 2. This leads to a variation of the cross-section of 
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Figure 6: a) The pT distribution measured in 77 interactions in the range 10 < < 30 GpV 
is compared to the pT distribution measured in 7p and hp (h= 7r,K) interactions by WA69Ej- 
The cross-section values given on the ordinate are only valid for the OPAL data, b) dcr/dpx 
for \rj\ < 1.5 and 10 < < 125 GeV compared to NLO calculations for pT > 1 GeV/c by 
Binnewies et al. 



about 30% at pt = 1 GeV/c and about 10% for pr > 5 GeV/c. The NLO 
calculations of dcr/dpT lie about 25% below the data for 10 < 11^ < 125 GeV. 

4 Total cross sections 

The total cross-sections a for hadron-hadron and 7p collisions are well de- 
scribed by the parametrisation a = Xs'^ + Ys~^ , where ^/s is the centre-of- 
mass energy of the interaction. Assuming factorisation for the Pomeron term 
X, the total hadronic 77 cross-section a.y-y can be related to the pp (or pp) 
and 7p total cross-sections at high W = \/s^^: where the Pomeron trajectory 
should dominate: 



^11 = ■ (3) 

CTpp 

A slow rise of the total cross-sections with energy is predicted, corresponding 
to e « 0.08. 

^ore LEP a^^{W) has been measured by PLUTO E3, TPC/27 and 
MDIE3 in the region W < \Q GeV, before the onset of the hi 
of (T^^. Using LEP data taken at \fs^^ — 130 — 161 GeV L3t 
strated that (T^^(T/F) is consistent with the universal Regge behaviour of total 
cross-sections in the range h <W <lh GeV. The L3 measurement is shown 



1 energy rise 
has demon- 
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in Fig. 1^ together with an OPAL mea- 
surement in the range 10 < 14^ < 
110 GeV using data taken at \/s^^ — 
161 — 172 GeV. The observed energy de- 
pendence of the cross-section is similar, 
but the values for about 20% 

higher. The errors are strongly corre- 
lated between the W bins in both exper- 
iments. About 5 % discrepancy is due 
to the different MC generators used for 
unfolding. The origin of the remaining 
discrepancy is not yet understood. 

Based on the DL-model 0, the as- 
sumption of a universal high energy be- 
haviour of 77, 7p and pp cross-sections 
is tested. The parameters X and Y are 
fitted to the total 77, 7p and pp cross- 
sections in order to predict a-^^ via Eq. ^ 
using Vi^^ = yS^p = yipp. The pro- 
cess dependent fit values for X and Y and the universal papymeters e = 
0.0790 ± 0.0011 and rj = 0.4678 ± 0.0059 are taken from Ref. N. This sim- 
ple ansatz gives a reasonable description of the total 77 cross-section a-y-^The 
models of Schuler and SjostrandcJ and the model of Engel and RanfttS are 
also shown. 



5 Conclusions 

In general, 77 interactions are similar to hadron-hadron interactions. At 
centre-of-mass energies Vs^^ > 10 GeV the energy dependence of the total 
77 cross-section is consistent with the rise observed in hadronic interactions. 

QCD is tested in 77 interactions at LEP by comparing to LO and NLO 
QCD calculations. In case of the photon, the perturbative splitting 7 — > qq 
must also be taken into account which modifies the QCD predictions. This is 
observed in the scaling violations of the photon structure function F2 . 

Information about the gluon content of the photon can be extracted from 
measurements of jet production. NLO calculations are in reasonable agreement 
with the data. Comparing transverse momentum distribution of 77 interac- 
tions with hadron-proton or 7-proton data shows the relative increase of hard 
interactions in 77 processes due to the direct component. 
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Figure 7: Total cross-section of the 
process 77 — > hadrons as a function of 
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